Straw retention and fertilization management can affect rice yield and greenhouse gas (GHG) emission in paddy field. To investigate the effect of leguminous green manure and straw retention plus nitrogen (N) fertilizer on rice yield and GHG emissions, field experiments were conducted from 2017 to 2018 and four treatments were designed, including the treatments of Chinese milk vetch (Astragalus sinicus L.) and rice (Oryza sativa L.) straw retention with reduced chemical N fertilizer application amount named RA (6000 kg hm -2 rice straw plus 102 kg hm -2 N fertilizer during early and late rice respectively), RB (6000 kg hm -2 rice straw plus 87 kg hm -2 N fertilizer during early and late rice season respectively), RC (6000 kg hm -2 rice straw plus 72 kg hm -2 N fertilizer during early and late rice season respectively) and control CK (winter fallow, without straw retention, 120 kg hm -2 N fertilizer during early and late rice season respectively). The results showed treatments RA, RB, and RC significantly increased the early rice yield by 15.79, 21.27, and 13.60% (P < 0.05), and RA and RB significantly increased the annual yield by 14.76 and 15.79% (P < 0.05) compared with control CK. For CH 4 cumulative emissions, only RB had no significant impact on it (P > 0.05); treatments RA, RB, and RC had no significant effect on N 2 O cumulative emissions (P > 0.05). Meanwhile, treatments RA and RC significantly increased GWP and greenhouse gas emission intensity (GHGI) (P < 0.05) of CH 4 and N 2 O, but the difference between RB and control CK was not significant (P > 0.05). Therefore treatment RB had the best effect on rice production and GHG mitigation in paddy fields.
Core Ideas
• Straw and vetch retention with reduced N fertilizer were studied on yield and GHGs in double-cropped rice. • Chinese milk vetch and rice straw retention plus reduced N fertilizer significantly increased rice yields compared with control. • Effect of Chinese milk vetch and rice straw retention plus 87 kg of N fertilizer on GWP and GHGI was not obvious. • Straw and vetch retention can help offset N fertilizer to increase yield and reduce costs, waste, and environment pollution. G lobal warming, mainly caused by the increasing concentration of greenhouse gases in the atmosphere, is a common concern of the international community and a major challenge facing the world today (Qi et al., 2018) . Nitrous oxide (N 2 O) and methane (CH 4 ) are two important greenhouse gases, which play an important role in global warming . At the time scale of 100 years, the heating potential of CH 4 and N 2 O unit molecule is 25 and 298 times higher than that of CO 2 , respectively (IPCC, 2007) . In accordance with statistics, the annual amount of CH 4 and N 2 O emission caused by agricultural activities account for 84 and 52% of the total emission in the world (Smith et al., 2008) . Paddy fields are an important emission source of global GHG . China is one of the most important agricultural countries, whose rice planting area accounts for approximately 19% in the world . Relevant research indicates that CH 4 and N 2 O from paddy fields in China occupy about 17.9 and 80% of the total emissions and their concentrations are also increasing at the speed of 0.28 and 0.31% per year (Ghosh et al., 2003; WMO, 2013) . However, good field management measures can greatly reduce agricultural GHG emission. Therefore, controlling and mitigating GHG emissions through reasonable agricultural measures is of great significance to mitigate climate warming.
Agricultural practices such as nitrogen (N) fertilizer management and straw retention play a key role in crop productivity and GHG emissions Wang et al., 2011) . However, a large amount of chemical N fertilizer application alone has made N utilization rate lower, N 2 O emissions increase and environmental pollution aggravate (Ju et al., 2009; Wu et al., 2008) . It is believed that the combination of organic and inorganic sources is one of the efficient measures for achieving high rice yield and reducing chemical fertilizer application and GHG emissions Liu et al., 2015) . Crop straw and green manure contain many nutrients and are important organic fertilizer resources Ma et al., 2017) , which can increase soil organic matter content, replenish soil nutrients, and maintain farmland fertility . China has abundant crop straw resources, with an average annual production of 7.6 to 8.2 million tons (Han et al., 2016; Pan et al., 2015) , accounting for about 25% of the world's total straw . As an important method of straw utilization, straw retention to the field cannot only avoid waste of resources and environmental pollution (Timsina and Connor, 2001; Wang et al., 2008) , but also reduce fertilizer use and stabilize crop yield (Pan et al., 2013) . However, a large number of studies have shown that although straw retention to the field improves soil fertility, it also increases GHG emissions from farmland, and GHG emissions vary greatly under different methods of straw retention to the field (Cui et al., 2014; Li et al., 2013; Li et al., 2015; Su et al., 2011; Xia et al., 2014) . It is also controversial whether green manure retention increases greenhouse gas (GHG) emission (Tang et al., 2015; Xu et al., 2000) . At present, most studies have focused on the effect of crop straw or green manure retention accompanied with chemical N fertilizer on yield and GHG emission, however, less information exists regarding co-incorporation of straw and Chinese milk vetch plus N fertilizer. Therefore, whether Chinese milk vetch and rice straw retention plus reduced chemical N fertilizer during rice growth season can alleviate the GWP of double-season rice and Chinese milk vetch rotation system and increase crop yield in a long period of time remains to be further studied. The objectives of the study are to evaluate (i) whether the rice yield will decrease with Chinese milk vetch and rice straw retention plus reduced chemical N fertilizer; (ii) to reveal the effect of organic and chemical fertilizer combination on CH 4 and N 2 O emissions from paddy field; and (iii) to determine the effect of this combination on GWP and GHGI.
MATERIALS AND METHODS

Experimental Site and Design
The experiment was conducted at the experimental field of Deng Jiabu, Yujiang County (116°41' to 117°09' E, 28°04' to 28°37' N) from November 2017 to November 2018. The test area belongs to the subtropical monsoon humid climate with an average annual temperature of 17.6°C, precipitation of 1741 mm, frost-free period of 258 d, solar radiation of 454. 27 kJ cm −2 , and wind speed of 1 to 3.8 m s −1 , respectively. The average accumulated temperature above 0°C is 6586.4°C. The soil is mostly silt-soiled and the basic properties (0-15 cm) before the experiment are shown in Table 1 .
In this experiment, there were four treatments with triplicates: CK (winter fallow and without Chinese milk vetch and rice straw retention, N fertilizer of 120 kg hm -2 during early and late rice respectively), and treatments with rice straw retention plus reduced chemical fertilizer named RA, RB, and RC under the condition of total returning Chinese milk vetch to the field (Table 2) . Each plot area is 25 m 2 (5 m by 5 m). There are protection lines on both sides.
During the experiment, the fertilizer used in rice was urea (N 46%), calcium magnesium phosphate (P 2 O 5 12%), potassium chloride (K 2 O 60%). According to the conventional dosages, pure phosphorus was 20 kg hm -2 and pure potassium 60 kg hm −2 . Nitrogen fertilizer was applied according to ratio of basic fertilizer/tiller fertilizer/panicle fertilizer at 6:3:1. Phosphate fertilizer was used as basic fertilizer and applied once. Potassium fertilizer was applied according to ratio of tiller fertilizer/panicle fertilizer at 7:3. The basic fertilizers of N and P were applied 1 d before rice transplanting, the tiller fertilizer was applied 5 to 7 d after rice transplanting, and the panicle fertilizer was applied when the main stem was 1 to 2 cm long. During the early and late rice growth period, water management adopts shallow irrigation in the early stage, roasted fields in the middle stage, and dry and wet alternation in the late stage, and other management measures are the same as conventional field production.
Experiment Materials
The type of Chinese milk vetch is Yujiang Daye, planted on 3 Oct. 2017 with the amount of 37.5 kg hm -2 . About 2 wk before the transplanting of early rice in the second year, Chines milk vetch with C to N ratio of 12.53 was plowed into the field. In 2018, the early rice was 'Yueru 6', which was sewn on 22 April, transplanted on 26 April, and harvested on 22 July; the late rice in 2018 was 'Huarun 2' planted on 27 June, transplanted on 18 July, and harvested on 2 November. After 1 wk of the early or late rice harvest, the rice straw was chopped into approximately 10-cm segments and evenly spread on the field; a tractor was used to rotate them into the soil in the later season. The C to N ratio of the early and late rice straw was 74.65 and 88.38, respectively.
Rice Yield Measurement
At the maturity stage of rice, 50 censuses of each plot were checked and used as the basis for calculating the effective panicles. Then, 3 censuses of representative rice plant was randomly selected from each plot using the average method, and dried as the test material. After that, the seeds were rinsed with clean water, removed the empty granules and then dried. The test items included the number of effective panicles, per panicle grains, filled grains, ear length, and 1000-grain weight that was measured by using the 1/100 analytical balance.
Collection and Measurement of Greenhouse Gases
Greenhouse gases were collected by using static box, which was made of stainless steel plate with the size of 50 cm by 50 cm by 50 cm. When the rice plant exceeded 50 cm, a box with the same size and two-way opening was added such that the height of the box became 100 cm. To prevent the temperature of the box from rising too fast due to sun exposure, the outside of the box was covered with foam and aluminum foil paper. A small fan (12 V) for mixing gas was equipped with the top of the box, and a suction hole was installed in the middle of the side of the box. There was one fixed sampling base at per plot, and the upper part of the base had a groove of 5-cm depth, which was sealed with water when measuring. Samples were collected once every 7 to 8 d during the rice growing season , and generally once at 15 d during the growth period of Chinese milk vetch. The collection time was from 8:00 to 11:00 A.M., and the sampling chamber was used to extract the gas in the tank with a 50-mL syringe at intervals of 0, 10, 20, and 30 min, pulling the syringe back and forth 5 to 10 times to completely mix the gas and extract 50 mL of gas. After being stored in a vacuum sampling bag, the samples were quickly brought back to the laboratory for analysis. The N 2 O and CH 4 concentrations were determined by Agilent 7890B gas chromatography. The detectors for measuring CH 4 was FID (Flame Ionization Detector) with the detection degree of 300°C, the column temperature of 60°C, the carrier gas of 99.99% high purity N, and the flow rate of 30 mL min −1 . The detector for measuring N 2 O was ECD (Electron Capture Detector), the detection temperature, the column temperature and the carrier gas were the same as that of CH 4 , high purity argon and methane gas of (95% argon + 5% methane), and the flow rate was 40 mL min −1 .
Calculation and Statistical Analysis
The gas emission flux was calculated according the equation:
where F is the gas emission flux (CH 4 , mg m -2 h -1 ; N 2 O, μg m -2 h -1 ); ρ is the gas density under standard conditions (kg m -3 ); h is the net height (m) of sampling box; dc/dt is the change rate of gas concentration in the sampling tank per unit time;
T is the average temperature (°C) in the sampling tank during sampling process; and 273 is the constant of the gas equation. The global warming potential (GWP) converts the warming potential of total greenhouse gas emissions (kg hm −2 ) into CO 2 equivalents. Gases CH 4 and N 2 O are 25-fold and 298-fold greater than CO 2 on the 100-yr scale (Dong et al., 2017) . The calculation formula is:
The greenhouse gas intensity (GHGI) is the ratio of the total warming potential of CH 4 and N 2 O to crop yield, and is a comprehensive evaluation of the greenhouse effect of each treatment :
where GWP is the comprehensive warming potential of N 2 O, CH 4 , and CO 2 (CO 2 , kg hm −2 ); and Y is the average yield per unit area (kg hm −2 ).
The annual cumulative emissions of CH 4 and N 2 O from paddy fields were calculated as follows:
where T n is cumulative annual emission of CH 4 or N 2 O (CH 4 , kg hm -2 ; N 2 O, kg N hm -2 ); F i is the average daily emission flux of CH 4 and N 2 O between two sampling periods; and D i is the number of days between two sampling intervals. All test data were statistically analyzed using Excel 2010, and then SPASS17.0 software was used for significance analysis and correlation analysis, and Origin was plotted.
RESULTS
Rice Yield and Yield Composition
Many factors, such as effective panicle number, panicle length, grain number of per panicle, seed setting rate and 1000-grain weight, can affect rice yield. The early and late rice yield showed a similar pattern of increasing along with the addition of N fertilizer and Chinese milk vetch and rice straw retention showed in Table  3 . Compared with control CK, all the treatments with Chinese milk vetch and rice straw retention plus reduced chemical N fertilizer significantly increased the early rice yield (P < 0.05), among which treatment RB increased by 21.27%; while for late rice, there was no significant difference between the treatments RA, RB, RC and control CK (P > 0.05); in terms of the annual yield, treatments RA and RB had significant effects on it (P < 0.05). We found treatments RB and RC significantly increased the effective panicle number for early rice and 1000-grain weight for late rice (P < 0.05); RB significantly increased grain number per spike (P < 0.05) for early rice and RA, RB as well as RC had significant effect on seed setting (P < 0.05) which in turn increased the rice yield; in terms of the annual rice yield, treatments RA and RB significantly increased it by 14.76% and 15.79% (Fig. 1) . In summary, treatments RA, RB and RC significantly increased the early rice yield (P < 0.05), while their influence on late rice yield was not significant (P > 0.05) compared with control CK. 
Greenhouse Gases Emissions CH 4 Emissions Flux
The dynamic changes of CH 4 emission flux among the four treatments were similar (Fig. 2) . Overall, the order of CH 4 emission flux from high to low in different seasons is as follows: early rice season>late rice season>Chinese milk vetch in winter.
During the growth season of Chinese milk vetch, the CH 4 emission flux from each treatment was low caused by lower temperature in winter which might inhibit the methanogenic bacteria. On 24 November, 3 January, and 17 March, CH 4 emission flux peaks appeared in treatments RA, RB and RA with the value of 0.34, 0.42, and 0.71 mg m -2 h -1 , respectively.
During the rice growth period, the dynamic changes of CH 4 emission flux from each treatment were relatively consistent: the peak of CH 4 emissions mainly occurred at the early stage of rice growth season, while later CH 4 discharge was relatively small. The CH 4 emission peaks appeared twice respectively and the maximum CH 4 emission flux was discovered in different treatments over the early and late rice seasons. For early rice, the first peak appeared in RA with the value of 81.87 mg m -2 h -1 on 3 May, followed by treatment RB and the emission flux was 52.48 mg m -2 h -1 , whereas the maximum values (31.69 and 69.47 mg m -2 h -1 ) were discovered in RC and RA on 30 July and 9 August, respectively, for late rice. The basic fertilizer and the retention and decomposing of rice straw and Chinese milk vetch might provide abundant C source for methanogens, which promoted the growth of methanogens and methanogens, thereby increasing CH 4 emission rapidly. After that, CH 4 emission decreased rapidly. The second emission peak occurred in treatments RA and RC on 16 May for early rice, and the values were 76.25 and 53.09 mg m -2 h -1 respectively, while the emission of treatment RA on 9 August was the most with the value of 69.47 mg m -2 h -1 for late rice, which might result from the good water and temperature conditions during this period. Furthermore, the decomposing of rice straw and Chinese milk vetch promoted by further flooding as well as tiller fertilizer made CH 4 emissions appear the second peak. It should be noted that CH 4 emission flux was almost zero after the rice was transplanted on 54 and 110 d after transplant for early rice and late rice probably caused by the steadily decreasing of water in the paddy field.
N 2 O Emissions Flux
Both nitrification and denitrification of microorganisms in paddy soils can produce N 2 O. The N 2 O emission flux from paddy fields in the whole year was low, with one emission peak occurred in winter and two peaks appeared in early rice season and late rice season, respectively (Fig. 3) . Compared with that of late rice, N 2 O emission flux of early rice season was lower.
During the growth season of Chinese milk vetch in winter, less water and lower temperature were not conducive to the activity of nitrifying bacteria and denitrifying bacteria, therefore, the N 2 O emissions were lower. The N 2 O emission peak (98.72 μg m -2 h -1 ) was found in RC on 14 November, which was due to the consecutive rain for several days, resulting in large soil moisture on the day of gas collection and the activities of nitrifying bacteria had been enhanced to promote N 2 O emissions.
During the early stage of rice growth season, N 2 O emission flux was mainly limited by the continuous flooding in paddy fields and its emission was less, whereas in the mid-season of rice growth N 2 O emission flux increased rapidly because a drywet alternating method of irrigation, which might create the most suitable activity environment for nitrifying bacteria, was adopted. On 16 May, the maximum N 2 O flux peak occurred in RB with a value of 36.50 μg m -2 h -1 , much less than that in late rice season (161.04 μg m -2 h -1 in RB on 16 August). As the paddy fields rehydrated, N 2 O emissions decreased; after that, the paddy field water retention decreased, and the nitrifying bacteria activity increased again, on 27 May and 22 September, N 2 O emission reached the second peak found in CK with 28.09 μg m -2 h -1 and RB with 27.70 μg m -2 h -1 , but the values were much lower than the first ones, which might because too high temperature inhibited the activity of nitrifying bacteria.
Cumulative Emissions of CH 4 and N 2 O in Paddy Fields
The seasonal and annual cumulative emissions of CH 4 and N 2 O in paddy fields under the Chinese milk vetch and rice straw retention accompanied with reduced chemical N fertilizer are shown in Table 4 . The results indicated that CH 4 emissions in paddy fields dominated, and N 2 O emissions accounted for only part of the total. Although N 2 O emission in late rice season were large, still much lower than CH 4 emissions.
In winter, all the treatments with Chinese milk vetch and rice straw retention plus reduced chemical N fertilizer increased the cumulative emissions of CH 4 compared with CK, among which RA and RB significantly increased the cumulative emissions of CH 4 (P < 0.05) but the difference between RC and CK was not significant (P > 0.05); during the period of early rice growth, RA and RC significantly increased the cumulative emissions of CH 4 by 163.74 and 62.95% (P < 0.05) while there was no significant difference between RB and CK (P > 0.05); over the late rice growth season, RA and RC significantly increased the cumulative emissions of CH 4 compared with CK while RB decreased it by 25.65% (P > 0.05). In terms of annual cumulative emissions of CH 4 , only RB had no significant difference compared with CK (P > 0.05)
The cumulative emissions of N 2 O in the whole winter were less. In winter, all the treatments with Chinese milk vetch and rice straw retention plus reduced N fertilizer significantly increased the cumulative emissions of N 2 O compared with CK (P < 0.05); during the growth season of early rice, treatments RB and RC obviously increased the cumulative emissions of N 2 O (P < 0.05) while RA decreased it (P > 0.05); Over the late rice season, RB increased the cumulative emissions of N 2 O by 150% compared with control CK (P < 0.05) while RA decreased it by 64.29% (P > 0.05). For annual cumulative emissions of N 2 O, all the treatments with Chinese milk vetch and rice straw retention plus reduced chemical N fertilizer during rice growth season had no significant effect on it compared with control CK (P > 0.05).
Comprehensive GWP and GHGI of CH 4 and N 2 O in Paddy Fields
It can be seen from Table 5 that at the 100-yr scale, CH 4 global warming potential of RB was the lowest (7428.17 CO 2 kg hm -2 ) among the treatments with rice straw and Chinese milk vetch retention plus reduced chemical N fertilizer, 7.5% higher than that of control CK and there was no significant difference between RB and control CK (P > 0.05), while RA (16621.61 CO 2 kg hm -2 ) and RC (11938.16 CO 2 kg hm -2 ) significantly increased CH 4 global warming potential by 140.61 and 72.82% (P < 0.05) compared with control CK.
The N 2 O global warming potentials of all the treatments with Chinese milk vetch and rice straw retention plus reduced chemical N application during rice growth season were higher than that of control CK, among which RB and RC obviously increased N 2 O global warming potential (P < 0.05) while there was no significant difference between RA and control CK (P > 0.05).
In terms of N 2 O and CH 4 global warming potential, treatments RA and RC significantly increased it by 139.57 and 73.44% (P < 0.05) respectively and RB increased it by 9.68% while there was no significant between RB and control CK (P > 0.05).
The difference of the contribution rate of CH 4 and N 2 O to the global warming potential in paddy fields was large. The contribution rate of CH 4 to the global warming potential was 96.98 to 99.35%, while the contribution rate of N 2 O was only 0.65 to 3.02%, indicating that CH 4 emissions were much larger than N 2 O emissions in paddy fields.
As for the greenhouse gas emission intensity, treatments RA (1.07 CO 2 kg kg -1 ) and RC (0.81 CO 2 kg kg -1 ) significantly increased by it 109.80 and 58.82% (P < 0.05) respectively compared with that of control CK while treatment RB decreased the greenhouse gas emission intensity and there was no significant between RB and control CK (P > 0.05).
DISCUSSION
Effects of Straw Retention with Reduced N Fertilizer on Rice Yield
As an important method of straw utilization, retention of straw in the field plays an important role in improving soil fertility in farmland (PNAS, 2017; Hao et al., 2013; Zhang et al., 2014) , maintaining soil structure and physical and chemical properties, and reducing fertilizer application (Pan et al., 2013) . However, the effects of different kinds of straw on rice yield were different (Pei et al., 2014; Wu et al., 2017) . Zhang et al. (2016) found that the treatments with straw retention plus certain fertilizer application (240 kg hm -2 ) increased yield more obviously; Tian et al. (2015) discovered that the effect of planting of Chinese milk vetch in winter accompanied with straw retention on yield was the most obvious by studying their interaction, which was in agreement with our result. In this study, the yields of early and late rice were 6906.67 ~ 7373 kg hm -2 and 8013.33 ~ 8613.33 kg hm -2 , respectively. Compared with the control CK, RA, RB, and RC significantly increased the early rice yield by 15.79, 21.27, and 13.60% (P < 0.05), which may be that Chinese milk vetch and rice straw retention plus reduced chemical N fertilizer during rice growth season promoted the formation of effective panicle number, grain number of per spike and the seed rate, thereby improving rice yield (Pei et al., 2014) .
Effects of Straw Retention with Reduced N Fertilizer on CH 4 Emissions
The CH 4 emission from paddy fields is not only related to soil nutrients, but also to field management measures, such as fertilization, field water management, planting patterns, etc. (Liu, 2015) . The dynamic change of CH 4 emission flux in this study showed that the CH 4 emission flux was the maximum from rice planting to tillering and the difference among treatments was obvious, while its emission was less at the later stage of rice growth. The results were similar to that of previous studies (Cheng et al., 2018; Nie et al., 2018) . The high CH 4 emission flux during rice tillering period may be due to the high water layer and anaerobic conditions in the paddy field, because CH 4 is the result of methanogenic bacteria acting on methanogenic substrates under strict anaerobic conditions. Only when the redox potential is below 100 to 150 mV, CH 4 can be produced (Kludze et al., 1993) . After flooding, residual oxygen in soil was gradually consumed by aerobic or facultative bacteria, and the strong reduction conditions for CH 4 production gradually formed with the consumption of residual oxygen (Ding and Cai, 2002) , resulting in the net emission of CH 4 . With the retention of rice straw and Chinese milk vetch as well as the application of tiller fertilizer, they provided sufficient carbon (C) source for methanogens and reduced the soil Eh, which were good for CH 4 production (Hang et al., 2017) . The combination of leguminous green manure and non-leguminous straw can improve the nutrient composition of returned materials, increase buffer capacity, accelerate straw decomposition, improve the adaptability of microbial communities and increase CH 4 emissions (Abouelenien et al., 2014) . During the drying season, the good ventilation conditions, which increased the soil redox potential, destroyed the living conditions of methanogens, and inhibited the methanogen activity, made CH 4 emission decreased rapidly. Meanwhile active aerobic methane oxidizing bacteria consumed a small amount of CH 4 produced in the soil, so that CH 4 emissions had been less during this period, which were similar to the previous research results (Hou et al., 2012; Zhang et al., 2013) .
For CH 4 cumulative emission amount, in winter, there was no significant difference (P > 0.05) between RC and CK, probably because the rice straw decomposition of treatment RC slowed down and the nutrients release reduced with the amount of N fertilizer decreased , thus limiting the activity of microorganisms and reducing the reaction substrate of methane-producing bacteria and methane emissions. The cumulative CH 4 emissions from the treatment RB significantly increased in winter, while decreased during the rice growing season, with no significant difference from control CK (P > 0.05). The reason for the change may be that the C to N ratio adjusted after addition of green manure affects the decomposition of organic matter in the field, thus changing the C source amount that can be used by methanogenic microorganisms to produce methane in different periods (Bhattacharyya et al., 2012) . The cumulative decomposition rate and nutrient release rate of treatment RB may be the slowest during rice growth period, which in turn made its accumulated methane emissions the lowest. In addition, the degradation rate of rice straw and Chinese milk vetch is related to the depth of tillage, soil moisture and C to N ratio of straw itself. The specific reasons need further study.
Effects of Straw Retention with Reduced N Fertilizer on N 2 O Emissions
N 2 O emissions in paddy field are affected by many factors such as fertilization measures, soil nutrients, soil temperature and soil pH (Shao et al., 2011; Wang et al., 2016) , especially the complex water management, which can influence soil redox potential and microbial activity and results in the dynamic changes of N in paddy soils . The dynamic variation of N 2 O emission in our study showed that N 2 O emission was mainly concentrated at the dry-wet alternating stage. At the early stage of rice growth, N 2 O did almost not discharge, and this was mainly because the water suppressed the mineralization of soil organic N after flooding and restricted the activities of soil nitrifying and denitrifying bacteria, inhibiting N 2 O emission. During the middle of the rice growth, the dry-wet exchange and large consumption of oxygen caused by the rapid growth of microorganisms created anaerobic conditions, which was beneficial to the proliferation of nitrifying bacteria and denitrifying bacteria (He et al., 2010; Zhou et al., 2013; Van Groenigen et al., 2005) , greatly stimulating N 2 O emission in paddy fields (Pandey et al., 2014) . In addition, dry and wet alternations increased the air capacity and oxygen content in the soil, which increased the activity of nitrifying bacteria. Xie et al. (2015) and Liu et al. (2014) pointed out that another important source of N 2 O was N fertilizer. On the one hand, excessive N fertilizer cannot be absorbed and utilized by rice in time, and its hydrolyzed ammonium (NH 4 + ) directly participated in the nitrification reaction, which led to the rapid production of N 2 O. On the other hand, excessive N fertilizer made the rice plant over-nutrient and grow too fast and field drying measures taken to suppress excessive rice growth also increased N 2 O emissions (Zhang, 2011) . Related results regarding the impact of straw retention on N 2 O emissions in paddy fields are controversial. Shi et al. (2011) found that straw retention significantly reduced the N 2 O emission caused by N fertilizer. on the one hand, the soil available nitrogen might be absorbed after rice straw with a high C to N ratio was returned to the field, especially in the early stage of rice growth, thereby reducing N 2 O emissions; on the other hand, the denitrification process that produces N 2 O may be an enzymatic reaction involving heterotrophic microorganisms, and the increase of organic carbon provides energy for the denitrifying bacteria, and further promotes the reduction of N2O to N2; however, Wang et al. (2017) held that straw retention increased N 2 O emissions. The results of our study were consistent with the latter, probably because the addition of rice straw and Chinese milk vetch provided sufficient C and N substrates for microorganisms, promoted their rapid growth who consumed a large amount of oxygen to cause anaerobic environment, thus increasing the production of N 2 O through denitrification Van Groenigen et al., 2005) .
Effects of Straw Retention with Reduced N Fertilizer on GWP and GHGI of CH 4 and N 2 O Emissions
A large number of studies (Xie et al., 2015; Yi et al., 2013) indicated that there was a trade-off between CH 4 and N 2 O emissions in paddy fields, while some scholars (Qin et al., 2012) hold that this trade-off relationship does not exist; therefore, a comprehensive evaluation of CH 4 and N 2 O emissions in paddy fields is needed. In this study, the GWP of CH 4 accounts for more than 95% of the total, which is consistent with previous research results (Zhu et al., 2011; Qin et al., 2012) . However, the GWP of N 2 O in paddy fields during the growing season is much lower than that of CH 4 , which may be due to the following reasons: (i) In our experiment, the N fertilizer application amount was reduced under the condition of retaining Chinese milk vetch and rice straw in the field. Many studies (Zou et al., 2005) showed that N fertilizer is an important source of N 2 O emissions from paddy soil, and its usage has a linear relationship with N 2 O emissions; that is, the more N fertilizer is used, the greater the emissions of N 2 O is, therefore reducing fertilization can effectively reduce soil greenhouse gas emissions . (ii) Some researchers (Shi et al., 2010) found that straw application significantly reducing N 2 O emissions caused by N fertilizer lies in that, on the one hand, retention of rice straw with higher C to N ratio to field can absorb the available N in the soil, especially reduce the content of soil mineral N in the early and middle stages of rice growth, thereby reducing N 2 O emissions; on the other hand, the denitrification process that produces N 2 O may be an enzymatic reaction with the participation of heterotrophic microorganisms, increasing organic carbon to provide energy for denitrifying bacteria, and prompting to reduce N 2 O into N 2 . (iii) Paddy fields are mainly flooded, which inhibits the mineralization of soil organic N, yet the irrigation layer blocks the release of N 2 O gas into the atmosphere. Soil nitrifying bacteria and denitrifying bacteria are also restricted by water, which inhibits N 2 O emissions . Based on the above reasons, the GWP of N 2 O is much smaller than that of CH 4, correspondingly the emission intensity of N 2 O in paddy fields only accounts for a small fraction of the total greenhouse gas intensity.
Limitations and Future Needs
Through the field experiment, we found the combination of straw retention plus reduced N fertilizer under the condition of total retention Chinese milk vetch cannot only offset the N fertilizer application, avoid straw resources waste and environmental pollution caused by straw burning but also ensure the high yield of rice, which is conductive to the sustainable development of agriculture.
Although winter legume covering (Chinese milk vetch) and rice straw retention with reduced N fertilization could increase rice yield and treatment RB had the best effect on increasing rice production and reducing chemical fertilizer, environmental pollution and greenhouse gas emissions in paddy fields, there are many difficulties in the implementation process. The loss of rural labor force makes the farmers attach less importance to Chinese milk vetch. Furthermore, the promotion and utilization of Chinese milk vetch are facing many problems caused by the degradation of varieties, the lack of seed sources and technical personnel. In the process of straw utilization, there are also a series of problems, for example, how to reduce the negative impact of straw mulching on crop growth and greenhouse effect is one of the most important issues in double cropping rice areas in the south of China. Therefore, it is an important research direction in the future to improve the yield of Chinese milk vetch fresh grass, and promote the cultivation technology of Chinese milk vetch with high yield and quality which are suitable for the current climate environment as well as rational utilization of straw resources.
We note that our results and findings are still limited in several aspects.
1. There is a lack of research on soil C, N processes and microbial mechanisms, which will be strengthened to help understand the mechanism of soil greenhouse gas production and emission. Retention of Chinese milk vetch and rice straw to the field can change the structure of soil microbial community, affect the process of soil nutrient cycling, especially soil C and N conversion process, thus affecting greenhouse gas emissions. Perhaps applying organic manure can change the original soil organic matter in a short period of time and this leads to a stimulation effect. Although this effect is temporary, usually for several days or weeks, it can cause a large amount of C and N to be released from the soil or fixed by the soil. It can also cause the decomposition of organic C and N compounds in the soil to release CO 2 , CH 4 and N 2 O (Kuzyakov, 2010) . 2. Greenhouse gas emissions are affected by many factors, such as temperature, rainfall, fertilization, water management measures, C to N ratio of exogenous additives, and some factors vary from year to year. Therefore, this study, based on the greenhouse gas results of a 1-yr field experiment, needs to be further improved with longer period of observation and higher sampling frequency. 3. It is still necessary to reduce greenhouse gas emissions from rice fields through combining with other effective agricultural management measures such as reasonable irrigation and adjustment of tillage measures.
CONCLUSIONS
In terms of rice yield, treatment RB was the best choice, which could significantly increase the early and late rice yield by 21.27 and 15.79% (P < 0.05). There exists a complicated relationship between CH 4 and N 2 O emissions in paddy fields; therefore, comprehensive evaluation of CH 4 and N 2 O emissions is needed. In aspect of CH 4 annual cumulative emission, treatment RB was the best option, because there was no significant difference between treatment RB and control CK (P > 0.05), which maybe result from N fertilizer application amount, tillage depth, soil moisture, cumulative decomposing rate and nutrient release rate of straw as well as C to N ratio of straw itself; treatments RA, RB and RC had no significant effect on cumulative emissions of N 2 O compared with control CK (P > 0.05), among which RA was the best option. In addition, treatments RA and RC significantly increased the GWP and GHGI (P < 0.05), but the difference between RB and control CK was not significant (P > 0.05). In summary, treatment RB had the best effect on increasing rice production and reducing chemical fertilizer, environmental pollution and greenhouse gas emissions in paddy fields.
SUPPLEMENTAL MATERIAL
Supplemental material is available with the online version of this article. The supplement contains mean data of N 2 O and CH 4 emissions over the early season, late season, and winter.
